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 27 
ABSTRACT 28 
The need to complement primary forest protection with the conservation of regenerating tropical forest is 29 
becoming increasingly well-understood. However, the persistence of biodiversity differences between 30 
areas once subjected to different anthropogenic land-uses, after long periods of regeneration, remains 31 
poorly understood. We investigate long-term differences in species richness, diversity, relative abundance 32 
and community evenness within a regenerating rainforest previously subjected to two different but 33 
common types of human disturbance; selective logging  and clear-felling for agriculture. Even after a 30 34 
year recovery period, and despite close-proximity to protected primary forest that provided favourable 35 
recolonization potential, species richness and diversity of amphibians, butterflies, understorey birds and 36 
nocturnal birds were all lower in post-agriculture secondary forest, compared to regenerating selectively 37 
logged forest; in contrast mammals showed no significant difference. Species richness in secondary forest 38 
was on average 18±6.7% lower, and diversity 13±7.6% lower than in the selectively logged forest. 39 
Community evenness and relative abundances also displayed differences related to historic human 40 
disturbance type. However, the measured difference in species richness (18%) between selectively logged 41 
and secondary forest was 60% smaller than previous indirect comparisons based on young areas of 42 
regenerating forests have suggested. We find that human-induced differences in tropical biodiversity are 43 
long lasting but also suggest that even historically highly disturbed regenerating tropical forests could, with 44 
appropriate management, provide important opportunities for conserving tropical forest biodiversity. 45 
 46 
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INTRODUCTION 51 
Despite growing awareness of the potential value of regenerating tropical forest following clearance or 52 
logging, recent reviews have suggested contradictory conclusions on biodiversity value of such forest. Even 53 
within logged forest specifically, some conclude that “most biodiversity can be retained in tropical forest 54 
impacted by logging” (Edwards et al. 2014; Putz et al. 2012), where others suggest that even relatively low 55 
levels of selective logging and habitat clearance can “halve the levels of species richness” (Burivalova et al. 56 
2014). Burivalova et al. (2014) conducted a meta-analysis on data from 48 tropical studies and concluded 57 
that as selective logging intensity increased, species richness was heavily reduced; with amphibian and 58 
mammal species richness below 50% of primary forest levels in some cases. Gibson et al. (2011) suggest 59 
that selectively logged forest showed limited ecological disruption and biodiversity loss, but that other 60 
areas of forest regenerating following greater levels of clearance for agricultural uses (secondary forests) 61 
had limited potential for preserving biodiversity. Chazdon et al. (2009a) showed a range between studies of 62 
33 to 86% of primary forest species detected within regenerating secondary forests. There is wide variation 63 
in the terminology used as labels for such disturbed tropical forest systems so in this study we follow the 64 
terminology suggested by Putz and Redford (2010); using ‘secondary forest’ for forest re-growing on 65 
abandoned agricultural land that was previously forest, and ‘logged forest’ for disturbed primary forest 66 
regenerating following selective logging. 67 
It is an acknowledged feature of the literature that very few studies have been carried out at a within-site 68 
scale that directly compares differences in biodiversity patterns between selectively logged and secondary 69 
tropical forest (Dunn 2004, Bowen et al 2007, Dent & Wright 2009). Dunn (2004) showed that just two of 70 
34 studies assessed more than a single type of forest disturbance within a site. Bowen et al. (2007) 71 
reviewed 68 studies to investigate faunal recovery in regenerating forests from a global perspective. Just 72 
two of these were found to directly compare faunal communities following different forms of forest 73 
clearance. Dent and Wright (2009) reviewed 65 studies across 114 regenerating forest sites and 74 
emphasised the importance of understanding different types of disturbance history by categorising forests 75 
into four different prior land-uses, but again, the studies available in this literature are dominated by 76 
between-site comparisons because of the lack of direct within-site comparisons that control for other 77 
potential between-site differences (such as differences in climate, topography and ongoing disturbance 78 
levels).  79 
Another common feature in biodiversity assessments of tropical forest after disturbance, are studies based 80 
upon assessments of sites still undergoing human impacts (Anand et al. 2010; Barlow et al. 2007; Dent and 81 
Wright 2009; Gibson et al. 2011; Norris et al. 2010), such as hunting or logging. On-going impacts have the 82 
potential to magnify initial biodiversity impacts and limit its recovery (Barlow et al. 2016; Burivalova et al. 83 
2014; Roldán and Simonetti 2001; Urquiza-Haas et al. 2011) in ways which may confound assessments of 84 
the biodiversity and conservation potential of regenerating forest biodiversity. The contradictory nature of 85 
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this literature and the findings on which it is based suggests little scientific consensus on the biodiversity 86 
and conservation value of regenerating secondary and regenerating primary forests disturbed by selective 87 
logging (Sloan et al. 2015).  88 
This low frequency of direct comparisons, in the absence of on-going effects, is potentially problematic for 89 
answering a key question for developing tropical forest conservation strategy.  If resources were to be 90 
invested in their conservation, how different would the future biodiversity conservation value of 91 
regenerating secondary forest be compared to forest regenerating after selective logging?  Without using 92 
direct within-site comparisons, potential between-site differences (other than disturbance history prior to 93 
forest regeneration) cannot be properly controlled for, and measured differences between disturbance 94 
types are correlational in nature. In such situations inferring that differences in disturbance history have 95 
had a causative effect is problematic.  With indirect comparisons, if on average regenerating secondary 96 
forests that were once cleared for agriculture are growing on sites that are closer to human populations, or 97 
allow greater human access, they are therefore also more likely to suffer higher ongoing disturbance levels.  98 
In such cases, the differences in biodiversity value between secondary forest and selectively logged forest 99 
are likely to be caused by the ongoing disturbance as well as the nature of the original disturbance, and the 100 
causative contribution of each will be hard to disentangle. 101 
Also evident in the comprehensive review by Dent and Wright (2009) is that a large proportion of the study 102 
sites are young regenerating forests, with 65 sites (57%) of an age <21 years since abandonment. This is 103 
true for many reviews (Anand et al. 2010; Barlow et al. 2007; Chazdon et al. 2009a; Gibson et al. 2011; 104 
Irwin et al. 2010; Letcher and Chazdon 2009; Norris et al. 2010; Sodhi et al. 2010; Tabarelli et al. 2010), 105 
where the types of regenerating forest evaluated are often relatively young (< 15 years). Although short 106 
time scales are useful for understanding the impacts on biodiversity of recent change, if the aim is to assess 107 
the future value regenerating rainforest may have for conservation, then direct comparisons in older 108 
regenerating forest would be preferable (Chazdon et al. 2009b). 109 
The goal of this study was therefore to directly compare for multiple taxa (in the absence of the potentially 110 
confounding effects of young age of regeneration and on-going human disturbance), how differences in 111 
historic human disturbance might influence current biodiversity patterns (species richness, diversity, 112 
encounter rates and community evenness) of secondary versus selectively logged forest. This case study 113 
sought to answer three key questions: 1) To what extent do differences in biodiversity patterns within 114 
regenerating forest, once subjected to different types of historic disturbance (selective logging vs clearance 115 
for agriculture), still exist 30 years after these disturbances ended? 2) Do different taxonomic groups show 116 
the same response patterns to the different types of historic disturbance in an older regenerating forest, 117 
consisting of both secondary and selectively logged forest? 3) When controlling for potential external 118 
confounding factors by making within site comparisons, are measured differences between secondary and 119 
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selectively logged regenerating forests comparable in size to values generated based on earlier more 120 
indirect comparisons?  121 
 122 
METHODS  123 
Choice of study site 124 
The regenerating rainforest selected for this study, the Manu Learning Centre (MLC), was located in close 125 
proximity to a large protected area network providing source populations for recolonizing the forest as it 126 
regenerated (see Whitworth et al. 2016a and b). The MLC is situated within the Manu Biosphere Reserve, a 127 
UNESCO World Heritage Site designated to protect the globally important Amazon rainforest in and around 128 
Manu National Park, SE Peru (Fig. S1). The biosphere reserve consists of core protected areas surrounded 129 
by buffer zones with historically high human impact, including extensive logging or clearance for 130 
subsistence agriculture.  131 
Key features of the study site were: 1. a known history of different anthropogenic disturbance types within 132 
a small area so  allowing within site comparisons of effects in the absence of potential landscape level 133 
differences between study sites.  The disturbance types included selective logging (regenerating selectively 134 
logged forest; ~332ha), an area of complete clearance for conversion to intensive agriculture for coffee and 135 
cacao (regenerating secondary forest; ~293ha), and a mixed area between the two disturbance types that 136 
once consisted of a mosaic of completely cleared and selectively logged areas through partial clearance for 137 
agriculture (mixed disturbance regenerating forest; ~183ha (n.b.  the nearest undisturbed primary forest 138 
that we could have accessed for surveys was ~80 km away and at a lower elevation of ~300 m asl compared 139 
to 460m asl at the study site). We considered this to be unsuitable for disentangling any potential 140 
differences in disturbance history, from those related to differences in elevation, soil type, climate and 141 
topography; see Bowen et al. (2007). This did not impact on the aims of this study as we are aiming to 142 
compare different types of disturbed forest rather than compare disturbed forest to primary forest; 2. the 143 
site had been strictly protected from hunting and other human impacts since 2002 by the presence of the 144 
MLC, allowing on-going human disturbance to be excluded as a causal effect; 3. the conservation 145 
investment at the site hasn’t differed significantly between secondary and selectively logged disturbance 146 
types, another factor that is being controlled for by working with a single site; 4. the site had had a long 147 
period for regeneration since disturbance events. Disturbances to the site occurred during the 1960s-1980s 148 
and the study site has had at least 30 years of regeneration time so at the time of the study the whole area 149 
was covered by closed canopy forest.  150 
As such, this was an ideal site to investigate the potential biodiversity and conservation value of a “best-151 
case scenario” (see Whitworth et al. 2016a) for regenerating rainforest, in the absence of confounding 152 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
effects of on-going non-natural disturbance. We therefore expected that the differences in species 153 
richness, encounter rates of species and community structure between locations within the two different 154 
regenerating types (secondary versus selectively logged forest) might be negligible given their close 155 
proximity to protected areas that allowed for the dispersal of old growth species, and the relatively long 156 
time frame since disturbance. Although plant species turnover may still be high within a small area such as 157 
our study site, the groups we study are mobile vertebrates and invertebrates, and over the 30 year time 158 
scale we consider here, there would be no barrier to the species being found anywhere in the 800ha of the 159 
study site. Therefore in the absence of an effect of disturbance history we would expect the species to be 160 
randomly distributed with respect to the disturbance history of sampling locations. 161 
 162 
Habitat classification 163 
Initially the boundaries between habitats with different disturbance histories were identified by two of the 164 
authors visiting the site to visually inspect it and record distinct points of transition between the forest 165 
types.  These boundaries were then confirmed by consulting local guides who had expert local knowledge 166 
related to the specific historic land-use of the study site. Both approaches identified consistent points that 167 
were marked as the boundaries of the different disturbance histories. To confirm if these identified 168 
boundaries related to current differences in forest structure, vegetation data relating to 12 different 169 
measures of forest structure were collected across 571 sampling locations. A factor analysis was performed 170 
to reduce these variables using Minitab v.14.12, then the factor scores mapped using a kriging feature in 171 
ArcGIS,  and  in order to verify the statistical difference of factor scores between assigned habitat areas, an 172 
analysis of variance analysis (ANOVA) was carried out (see Appendix S1 to S4 and Fig. S2). To assess the 173 
floristic composition in each disturbance type, 10 2x50m plots (0.1ha Gentry plot) were carried out (for 174 
detailed methodology see Phillips and Miller 2002).  175 
 176 
Faunal Study Groups 177 
This study measured the biodiversity of four key taxonomic groups (amphibians, birds, butterflies and 178 
medium-large terrestrial mammals), chosen because they are of well-known conservation importance and 179 
provide numerous ecosystem functions (Banks-Leite et al. 2010; Beck et al. 2010; Cassano et al. 2012; 180 
Eigenbrod et al. 2008a; Goyette et al. 2011; Hamer et al. 2003; Hayes et al. 2010; Horner-Devine et al. 181 
2003; Salvador et al. 2011; Sberze et al. 2010; Whitworth et al. 2015a). 182 
 183 
Study approach and survey methodologies summary 184 
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The study aimed to assess how biodiversity was distributed across different human-disturbed rainforest 185 
types following a long period of regeneration. Using a small spatial scale (~800ha) allowed us to avoid 186 
confounding effects of large scale drivers of spatial auto-correlation, such as climatic or geographic 187 
differences. With an absence of any significant geographic barriers (e.g. large rivers or mountains) to hinder 188 
species dispersing across the site, we predicted that in the absence of any effects of differences in historic 189 
disturbance, biodiversity would be distributed randomly across the study area. If human disturbance 190 
history differentially impacted biodiversity, we predicted that we would find differences between locations 191 
once subjected to different forms of disturbance. Survey locations for all groups had similar although not 192 
identical levels of survey effort due to weather and logistic constraints, as some survey sites were first 193 
installed during 2012 and additional sites were installed in the 2013 field season. Any differences in survey 194 
effort were balanced across all of the disturbance types, and would therefore not be expected to influence 195 
the patterns identified (see Table S1). We accounted for any potential differences in survey effort within 196 
the analysis by creating extrapolated accumulation curves to represent equal numbers of detections and 197 
verify that patterns in the observed data are congruent with these projections. As a final check, models 198 
were run with survey effort added as a co-variant, but these showed no overall impact of sample size; the 199 
amount of variation explained only increased consistently for amphibians and in this case there was no 200 
effect on the patterns of the main variable effects so we concluded that the sample size differences were 201 
not sufficient to influence the effects observed. 202 
Amphibians were surveyed nocturnally through visual encounter surveys (Beirne et al. 2013) at 12 locations 203 
within the study site.  Morning line transects were conducted to survey the overall diurnal bird community  204 
with a total of total 33 transect survey locations walked throughout the study site to monitor all bird 205 
species both visually and by call (Bibby et al. 2000). Understorey birds were surveyed across 18 locations 206 
using mist nets. Nocturnal birds were surveyed by call along 37 line transects. Butterflies were surveyed 207 
across 18 locations, using Van Someren-Rydon traps (Hughes et al. 1998). Mammals were surveyed across 208 
nine camera trap locations. Terrestrial medium to large mammals were the target group for the analysis, 209 
therefore excluding arboreal species, small rodents and most aquatic species (Tobler et al. 2008). See 210 
Appendix S5 for detailed descriptions of survey methods and Fig. S3 for survey location maps.  211 
 212 
Biodiversity analysis 213 
In order to investigate differences in biodiversity distribution between disturbance types we assessed a 214 
number of frequently used biodiversity metrics (Bruton et al. 2013; Hu et al. 2013). To assess observed 215 
species richness levels and the extent to which our effort had detected as many species as are likely to be 216 
found within each disturbance type, we created rarefaction curves using the Rich package (Rossi 2011) and 217 
plotted them using program R (R Core Team 2012). Where sampling effort provided fewer individual 218 
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detections in one type, we used Estimate S (Colwell 2006) to extrapolate the lower lying curve towards an 219 
equal number of individual detections for a clearer comparison of richness levels (Colwell et al. 2012). 220 
Three estimators of species richness were calculated for all survey groups (Gotelli and Colwell 2011). The 221 
three estimators; Jack 1, Chao 2 and Mmmeans, have previously been shown to provide effective estimates 222 
for birds, butterflies or mammals (Fermon 2005; Herzog et al. 2002; Hughes et al. 2002; Ramesh et al. 2010; 223 
Tobler et al. 2008), while the most effective estimators for amphibians remain unresolved (Veith et al. 224 
2004). The average of the above three estimators was calculated for each group across each disturbance 225 
type (note that the Chao 2 result for mammals was excluded from the calculated average as Tobler et al. 226 
(2008) suggest this to be a poor estimator for camera traps and our estimates here displayed (potentially) 227 
exaggerated levels). Following the recommendations of Altman and Bland (2011) and Gotelli and Colwell 228 
(2011), to assess significance of any differences in richness estimates 84% confidence intervals for the 229 
average estimated species richness were calculated for each group in secondary and selectively logged 230 
forest as when comparing two confidence intervals no overlap at the 84% confidence interval level 231 
indicates a statistically significant difference at p=<0.05. In contrast two non-overlapping 95% confidence 232 
intervals are indicative of considerably lower p values.  233 
Species diversity was defined as the Shannon diversity index (Seshadri 2014; Trimble and van Aarde 2014). 234 
Repeating the analyses using Fisher’s Alpha, Simpson and Shannon Exponential diversity indices did not 235 
change the pattern of results significantly and therefore are not presented (see Fig. S4) . All richness and 236 
diversity estimators were calculated in Estimate S (Colwell 2006).  237 
As we were investigating what was effectively a natural experiment (or a comparison between two non-238 
designed treatments) and not human designed one, it was not possible to intersperse independent 239 
sampling locations as a simple way to demonstrate treatment replication (in addition to the sampling 240 
replication described in the survey methods). Therefore, analytical approaches were used to confirm 241 
independence of sampling locations. It has been highlighted that many tropical forest studies investigating 242 
effects of human disturbance on biodiversity due to logging have the potential for pseudo-replication due 243 
to spatial auto-correlation (Ramage et al. 2013; in agreement with Hulbert 1984, Heffner et al. 1996). In this 244 
context, Ramage et al. (2013) suggest that whilst interspersion is a desired goal where human designed 245 
experiments are practical, other approaches such as investigation of natural experiments provide useful 246 
scientific evidence if causes of spatial variation, other than the “treatment” effect, are investigated and 247 
controlled for as necessary (see Davies and Gray 2015). As such, pseudo-replication only occurs if the 248 
results are over generalised (Ramage et al. 2013). Therefore, following Ramage’s (2013) recommendations, 249 
we included additional control variables in our analysis, utilised spatial statistics to confirm the absence of 250 
spatial auto-correlation and finally, considered the likelihood of alternative inferences from our results.  251 
 252 
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Statistical analysis 253 
In order to investigate if differences in average estimated species richness indices and Shannon diversity 254 
between selectively logged, secondary and mixed disturbance survey locations were significant, a series of 255 
linear models were carried out. Having excluded potential large scale causes of spatial auto-correlation by 256 
focussing on a small scale study area over which large scale factors would not vary, we also considered if 257 
there were any consistent local scale differences between sampling locations (‘altitude’, ‘slope extent’ and 258 
‘distance to the main river’ of each sampling location were included as covariates to control for any 259 
potentially confounding effects of these variables; see Appendix S6 for further details). Finally, to confirm 260 
that any potential spatial auto-correlation between survey locations had been controlled for in the analysis, 261 
a Moran’s I test was carried out in program R (R Core Team 2012) on the residuals of each model to test if 262 
there was any spatial auto-correlation that might lead to pseudo-replication (ape package; Paradis et al. 263 
2004).  264 
In order to determine if there was an overall difference in relative abundance across all faunal groups, we 265 
conducted an analysis of variance test (ANOVA) between locations with logged and cleared disturbance 266 
histories for each specific study group. We decided to test specifically logged and cleared disturbance 267 
habitats and exclude the mixed disturbance area from areas of the analysis so that the two different but 268 
common land-uses from the region could be compared more clearly. The mixed disturbance habitat 269 
represented a mixture of these disturbances and may be likely to harbour a higher proportion of transient 270 
species, being located directly between the other two disturbance areas (Beirne et al. 2013; Gardner et al. 271 
2007b). In addition to testing overall groups, the relative encounter rates of indicator amphibians (Pearman 272 
1997) and birds (Stotz et al. 1996) were tested for differences between disturbance types.  273 
Dominance-diversity (Whittaker) plots were produced and compared for all study groups to compare the 274 
evenness of community, across cleared and logged disturbance histories, using the vegan package 275 
(Oksanen et al. 2011) in program R (R Core Team 2012). Significant differences in slope, and therefore 276 
significant differences in community evenness, were assessed through the use of a linear model with log 277 
relative abundance as the response term and an interaction between species rank and habitat type as 278 
continuous and categorical fixed effects, respectively. Species specific changes in abundance and rank of 279 
the five most abundant species from both selectively logged and secondary forest were labelled on the 280 
plots and assessed visually to note changes to species composition in terms of dominant species. 281 
 282 
RESULTS 283 
Habitat classification 284 
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The habitat classification provided a clear separation between different disturbance types in terms of 285 
identifiable features related to overall forest structure. The ANOVA analysis between factor scores was 286 
statistically different between disturbance areas for the first three factors (Appendix S4), which agreed with 287 
patterns also observed from the kriging maps (Fig. S2). The tree species richness in selectively logged forest 288 
(SLR) was over double (60 species, and the number of tree families almost three times greater (31 families), 289 
than that of the secondary (CCR) habitat (29 species from 11 families; see Table S2 to S3). In general the 290 
selectively logged (SLR) habitat contains many large hardwood species (Meliaceae, Moraceae, Sapotaceae) 291 
while the secondary (CCR) forest contains smaller softwoods and palms (Melastomataceae, Rubiaceae and 292 
Arecaceae- Table S4). 293 
 294 
Testing for alternative explanatory factors and spatial auto-correlation 295 
Based on the general linear modelling we concluded that within site differences in altitude, distance from 296 
the main river or slope intensity could not explain the observed differences in diversity and species 297 
richness, suggesting that differences observed were instead linked to the different types of historical 298 
disturbance. On only one occasion out of 20 general linear models did one of the more complex models 299 
display a lower AICc value than the disturbance history only models (Simpson diversity from diurnal bird 300 
transects – the model with an added habitat*altitude interaction had the lowest AIC value), and in this case 301 
the ∆AICc <2 (so this model was not better than the disturbance history only model, see Table S5). In 18 of 302 
the 19 models in which the AICc value was lowest for the disturbance history only models, a ∆AICc >2 was 303 
observed suggesting that disturbance history was the key factor in explaining differences in biodiversity. 304 
Testing of the model residuals showed no evidence of spatial auto-correlation between samples with very 305 
low correlations (range from -0.21 to 0.02) and non-significant observed Moran’s I values (range from 306 
p=0.15 to 0.99) for all groups and all response variables (see Table S6). 307 
 308 
Species richness 309 
Overall, secondary forest regenerating after complete clearance (CCR) was estimated to contain 18% (±6.7) 310 
fewer species than selectively logged forest regenerating after selective logging (SLR; see Table 1). Across 311 
all groups (with the exception of terrestrial mammals), the most general pattern is that selectively logged 312 
forest is the most species rich whilst secondary forest generally contains the lowest number of species (Fig. 313 
1).  314 
For the individual taxonomic groups, the average total species richness estimate for amphibians was higher 315 
in selectively logged regenerating forest (SLR) than secondary growth (CCR) forest (Table 1), with the 316 
selectively logged estimated to contain 29 species and secondary just 23 species (13% fewer than 317 
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selectively logged - significant (at p=<0.05), based on no overlap between 84% confidence intervals for the 318 
final estimate). The average richness estimators from mist-net data predicted selectively logged forest to 319 
contain 116 species whilst secondary was estimated to hold 103 species (11% fewer than selectively logged 320 
- significantly different, with no overlap between 84% confidence intervals). The average richness estimates 321 
for diurnal bird transects predicted selectively logged forest to hold 248 species, whilst secondary is 322 
estimated to hold 223 species (10% fewer than selectively logged - not significant, with overlap between 323 
84% confidence intervals). The average estimated species richness for nocturnal birds predicted selectively 324 
logged forest to contain 11 species, whilst secondary is estimated to hold 6 species (45% fewer species than 325 
selectively logged forest – significant, based on no overlap between 84% confidence intervals). The average 326 
estimated butterfly species richness was highest in selectively logged forest, containing 171 species and 327 
secondary growth just 145 species (15% fewer than selectively logged - significant, based on no overlap 328 
between 84% confidence intervals). The average species richness estimates of medium-large terrestrial 329 
mammals were similar, with 24 species being estimated in selectively logged and 25 in secondary forest. 330 
This difference did not appear to be significant, with overlap between 84% confidence intervals. Using the 331 
best fit disturbance only model for those groups with sufficient sampling locations, general linear models 332 
demonstrated that disturbance history was a useful predictor of estimated species richness, often 333 
explaining a large proportion of variation. For bird transects, disturbance history explained 13.2% of 334 
variation (df=22, F=3.2, p=0.089); for birds captured in mist-nets, 43.7% of variation (df=5, F=3.1, p=0.153); 335 
for butterflies, 52% of variation (df=11, F=10.8, p=0.008) and for amphibians, 75.1% of variation (df=7, 336 
F=18.1, p=0.005). 337 
In terms of unique species between secondary and selectively logged forest, more unique species were 338 
detected for amphibians (13 vs.7), butterflies (50 vs. 22), birds caught in mist nets (39 vs. 24 and nocturnal 339 
birds (6 vs. 2; see Table S7 for species lists between selectively logged and secondary forest). Diurnal bird 340 
transects displayed more unique species in secondary forest than selectively logged forest (57 vs.49) and 341 
mammals showed the same number of unique species (2 per habitat type). 342 
 343 
Species diversity 344 
In terms of species diversity, secondary forest (CCR) was on average 13% (±7.6) lower than selectively 345 
logged regenerating forest (SLR). The general pattern was that selectively logged forest was the most 346 
species diverse, whilst secondary forest generally held the lowest levels of species diversity (with the 347 
exception of mammals; see Fig. 2). The general linear modelling showed that disturbance history as a 348 
predictor of diversity explained 10.3% of variation in birds surveyed by transects (df=22, F=2.4, p=0.135); 349 
6.9% of variation for mist-nets (df=5, F=0.3, p=0.614); for butterflies, 32.5% of variation (df=11, F=4.8, 350 
p=0.053) and for amphibians,  40.6% of variation (df=7, F=4.1, p=0.089).  351 
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 352 
Relative encounter rates 353 
The highest encounter rate for amphibians, butterflies, understorey birds and nocturnal birds was detected 354 
in selectively logged regenerating forest (SLR; see Table 2). Secondary growth forest (CCR) had the highest 355 
encounter rates for the overall diurnal bird community and medium-large terrestrial mammals although 356 
these were not found to be significantly different. Diurnal transect indicator birds (as listed by Stotz et al. 357 
1996) displayed the highest encounter rate in selectively logged and lowest in secondary forest (df=22, 358 
F=15.6, p=0.001; 397 and 173 encounters per 50km of transect walked respectively). Overall amphibian 359 
encounter rates were higher in selectively logged compared to secondary forest (df=7, F=8.9, p=0.03; 212 360 
and 56 encounters per 50 transect nights respectively). Despite showing a trend for higher relative 361 
encounter rates in selectively logged forest, the recommended indicator group of amphibians 362 
(Strabomantidae; Pearman 1997) was not statistically different between disturbance areas (df=7, F=4.7, 363 
p=0.07). Butterflies displayed the same trend with a higher (non-significant) encounter rate in selectively 364 
logged forest (df=11, F=3.9, p=0.08). Mammals, understorey birds and nocturnal birds did not show any 365 
differences between habitats (df=5, F=0.9, p=0.41; df=22, F=0.4, p=0.55 and df=26, F=2.2, p= 0.15 366 
respectively).  367 
 368 
Community structure 369 
Dominance-diversity plots did not display a standard pattern across all groups (Fig. 3). Butterflies (ΔG=<-370 
0.01, p=<0.001), understorey birds (ΔG=<-0.01, p=<0.001) and nocturnal birds (ΔG=<-0.40, p=<0.01) all 371 
showed a more even assemblage (regular intervals between species) with more rare species in selectively 372 
logged regenerating forest (SLR) than in secondary forest (CCR). However, amphibians (ΔG=-0.02, p=0.37), 373 
terrestrial mammals (ΔG=-0.02, p=0.30) and overall diurnal birds (ΔG=<-0.01, p=0.54) showed no 374 
statistically significant differences in community structure. Each group showed distinct shifts within 375 
community composition in terms of the dominant species between selectively logged and secondary 376 
disturbance areas (Fig. 3). For each survey group some of the higher ranked (most abundant) species in 377 
selectively logged forest shift to lower ranks and lower encounter rates in secondary forest and in some 378 
occasions are not detected at all. The opposite pattern was true for secondary forest, with some of the 379 
most dominant species being found in lower encounter rates and representing a lower rank in selectively 380 
logged forest.  381 
 382 
DISCUSSION 383 
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Even after decades of regeneration time, and despite a favourable location for recolonization relatively 384 
nearby to large protected old-growth forest, our results suggest that the type of anthropogenic disturbance 385 
history still affects current biodiversity levels and the patterns of biodiversity distribution of multiple faunal 386 
taxa. Locations with a history of complete clearance for agriculture (secondary forest) showed species 387 
richness levels 18% (±6.7) lower and species diversity levels 13% (±7.6) lower than historically selectively 388 
logged locations; while species encounter rates and community structure also continued to show 389 
detectable differences in selected taxa.  390 
Our results apply specifically to the conditions investigated and we should not try to immediately assume 391 
other disturbed tropical forests will automatically show patterns of similar magnitude. We therefore 392 
suggest that if we are to truly be able to generalise on the causative effect of disturbance history and 393 
regeneration on tropical forest biodiversity and conservation value, more direct within site comparisons 394 
will need to be investigated. Already this process is underway and our findings on long-lasting differences in 395 
Neotropical faunal biodiversity between regenerating selectively logged and secondary forest agree with 396 
two recent within-site comparative studies carried out on trees and woody plants in Hainan Island, China 397 
(Ding et al. 2017, Xu et al. 2015). Our vegetative surveys displayed similar long lasting differences in 398 
dominant tree composition across a site that would have once been similar previous to two different 399 
human impacts. 400 
Although previous research has indicated disturbance history to be a key factor driving species richness 401 
levels (Ross et al. 2002), we believe that apart from review papers (Bowen et al. 2007; Dunn 2004) few 402 
previous studies (Barlow et al. 2007; Lawton et al 1998) have directly compared, across multiple taxa, the 403 
persistence of biodiversity differences in older regenerating forest (>30 years) in relation to differences in 404 
historic human disturbance. For example, the only  two (of 34) studies assessed by Dunn (2004) that 405 
directly compared more than a single type of forest disturbance, were both carried out on a single taxon, 406 
birds (Estrada et al. 1997; Johns 1991). The same was true for four (of 68) studies that included alternative 407 
land uses, assessed by Bowen et al. (2007); ants in the central Amazon (Vasconcelos 1999), saproxylic 408 
beetles in Australia (Grove 2002), primates in Costa Rica (Sorensen and Fedigan 2000) and lizards in the 409 
Caribbean (Glor et al. 2001). In addition, these studies mostly assessed relatively young regenerating areas 410 
(<21 years) and focussed upon comparing the different disturbance types with primary forest, as opposed 411 
to directly against one another under the same conditions. One such recent assessment between primary 412 
and secondary growth forest using the average value approach (focussed on birds), detected a 12% lower 413 
species richness in secondary forest than in primary forests (Sayer et al., 2017). Where multi taxon 414 
assessments have been carried out (e.g. Barlow et al. 2007; Lawton et al 1998), they provide indirect 415 
comparisons of the biodiversity value of forest with different historic disturbance types because the data 416 
are often collected across a variety of landscapes, regions and sites. This is done largely with the aim to 417 
provide a greater perspective of the overall landscape, but it can often be complicated to disentangle the 418 
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effects of disturbance from those of geographic and topographical conditions such as differences in soil 419 
types, climatic differences and potential differences in ongoing human difference. 420 
Based largely on such indirect comparisons between biodiversity at different sites, Berry et al. (2010) 421 
estimated that on average, 91% (±3.9) of primary forest species are detected in regenerating selectively 422 
logged forests. In contrast, Dent and Wright (2009) focussed on regenerating rainforest with different 423 
human disturbance histories associated with clearance activities (secondary forest) and categorised sites 424 
based on disturbance history into four different prior land-uses. For disturbance histories most similar to 425 
the secondary forest in this study, the proportion of primary forest associated species within each area was 426 
calculated as follows; pasture or intensive agriculture (46%) and plantation (61%). From these reviews we 427 
might therefore have expected the difference between our selectively logged and secondary forest to be at 428 
least 30%, and more likely 45% lower, rather than the smaller 18% difference detected here.  However, 65 429 
of the 114 (57%) study sites from the review by Dent and Wright (2009) had an age <21 years since 430 
abandonment, whereas the findings presented within our study were from forest with over 30 years of 431 
regeneration. Had only the 43% of studies with an age >21 years been assessed, then we might expect a 432 
value similar to the 18% detected here. Therefore our results along with previous work suggest that even 433 
once completely cleared areas have the potential to greatly increase in their biodiversity value given 434 
enough time for re-colonisation of lost species. If provided with sufficient time for regrowth, and if they are 435 
in favourable geographic locations close to old growth areas that can provide source populations, they have 436 
the potential to contain levels of biodiversity higher than is often expected based on the average values 437 
suggested by previous indirect multi-taxon comparisons.  438 
In addition to the, on average, younger age of regenerating areas assessed previously, what other factors 439 
might drive a lower than expected difference between selectively logged forest and secondary post 440 
agriculture forest?  One possibility is that regenerating forests, such as those studies assessed by Dent and 441 
Wright (2009), might be affected by other landscape scale related factors. For example, other secondary 442 
forests might not be in such a favourable landscape context for recolonization with less potential for 443 
species dispersal and establishment from nearby old-growth forest, or might have been disturbed over a 444 
much greater area requiring longer time for recolonization, and therefore might not have regained 445 
biodiversity as quickly as in this study. Reduced recolonization potential would also likely mean that the 446 
initial post disturbance biodiversity differences between the two different types of recovering forest would 447 
remain significantly larger for longer due to the slow recolonization of both areas, and lead to the greater 448 
difference detected by Dent and Wright (2009).  449 
Additionally, in this study the close proximity of the different disturbance types allows the potential 450 
detection of transient species that can move between forest types at such a scale; but this is likely true for 451 
both disturbance types and might have been a greater cause for concern had we detected no difference at 452 
all. However, it would be an interesting direction for further research to use longer term data collection to 453 
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assess how many species are permanently resident in forest following different types of disturbance and 454 
how many  might simply be transient visitors passing through.  In general the study site assessed here is 455 
representative of regenerating abandoned lands of the western Amazon and in the Manu Biosphere 456 
Reserve in particular; where historic disturbance was typically carried out at a relatively small scale and 457 
often located in close proximity to primary forest (Sloan et al. 2015) so our results should be of direct 458 
relevance to understanding differences in biodiversity value after disturbance in such conditions.  459 
With the exception of medium-large terrestrial mammals, the taxonomic groups in this study showed a 460 
common pattern in species richness and Shannon diversity patterns. The mammals result is perhaps not 461 
surprising as previous research has shown that mammals in riverine areas used for ecotourism and areas 462 
previously subjected to low-level logging display similar richness levels to primary forest sites (Salvador et 463 
al. 2011).These data along with our own results, suggest that medium-large terrestrial mammals may not 464 
be useful indicators of different levels of historic anthropogenic disturbance, especially when near to 465 
riverine habitat and for larger mobile species over such a small scale. Our results, from a site where animals 466 
had been protected from hunting for more than a decade, contrast with those of Burivalova et al. (2014), 467 
who found mammals to be the group most sensitive to an increased intensity of logging disturbance. 468 
However, Burivalova et al. (2014) acknowledge that although they attempted to exclude studies 469 
mentioning current hunting pressures from the meta-analysis, it was possible that hunting was a 470 
confounding effect.  471 
In conclusion, in the absence of the confounding effects of on-going disturbance and short regeneration 472 
periods, secondary forest within the Manu Biosphere Reserve (and likely other similar forest situated 473 
around protected corridors of the western Amazon) has the potential to harbour high levels of biodiversity, 474 
albeit lower than those areas only selectively logged. With levels of species richness, diversity, relative 475 
abundance and community structures closer to those contained within selectively logged forests than 476 
might have previously been predicted from studies dominated by younger areas of regenerating forests, 477 
and across different landscapes/regions. We suggest it will be beneficial to investigate further direct within 478 
site comparisons of different disturbance histories to start to determine how widely applicable the effects 479 
we have identified will be and so improve our understanding of the potential value of different types of 480 
regenerating rainforest for conservation in specific protected areas. While agreeing with other researchers 481 
that preventing further impacts on the world’s remaining primary tropical forests is vital in order to sustain 482 
the highest levels of biodiversity (Gardner et al. 2007a; Gibson et al. 2011), we suggest that even following 483 
complete clearance, regenerating secondary tropical forests could provide important resources for helping 484 
to retain high levels of tropical biodiversity; especially where they remain close to old growth forested 485 
areas. In addition to the great potential for biodiversity conservation, a median time of 66 years for above-486 
ground biomass to recover to 90% of old-growth values has been suggested for secondary growth forests in 487 
the Neotropics (Poorter et al. 2016). This leads us to echo the suggestions of Chazdon et al. (2009a) that 488 
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preventing further clearance and reconversion to agricultural use of these potentially valuable regenerating 489 
landscapes will be an important priority for future biodiversity conservation of the world’s tropical forests.  490 
  491 
ACKNOWLEDGEMENTS  492 
We thank the Crees Foundation (www.crees-manu.org) and the University of Glasgow for supporting the 493 
biodiversity monitoring programme at the MLC. We gratefully acknowledge the financial support and 494 
encouragement of the TJMF Foundation and the Darwin Initiative for financial support of the Sustainable 495 
Manu project. RM was supported by a Royal Society of Edinburgh Scottish Government Fellowship. The 496 
permit to conduct research was provided by the Ministerio de Agricultura of Peru (Authorisation Number 497 
‘Autorización No.’2904-2012-AG-DGFFS-DGEFFS). 498 
 499 
Data available from: DOI – 10.5525/gla.researchdata.242 (Whitworth et al. 2015b). 500 
501 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
LITERATURE CITED 502 
ALTMAN, D., G., AND BLAND, J., M. 2011. How to obtain the P value from a confidence interval BMJ 343:d2304 503 
ANAND, M. O., KRISHNASWAMY, J., KUMAR, A., AND BALI, A. 2010. Sustaining biodiversity conservation in human-504 
modified landscapes in the Western Ghats: remnant forests matter. Biological Conservation  143: 2363-505 
2374.  506 
BALLENTINE, B. AND GREENBERGI, R. 2010. Common garden experiment reveals genetic control of phenotypic 507 
divergence between swamp sparrow subspecies that lack divergence in neutral genotypes. PLoS ONE, 5(4), 508 
pp. 1–6. doi: 10.1371/journal.pone.0010229. 509 
BANKS-LEITE, C., EWERS, R. M., AND METZGER, J. P. 2010. Edge effects as the principal cause of area effects on 510 
birds in fragmented secondary forest. Oikos  119:  918-926. 511 
BARLOW, J., GARDNER, T. A., ARAUJO, I. S., ÁVILA-PIRES, T. C., BONALDO, A. B., COSTA, J. E. AND PERES, C. A. 2007. 512 
Quantifying the biodiversity value of tropical primary, secondary, and plantation forests. Proceedings of the 513 
National Academy of Sciences  104: 18555-18560. 514 
BARLOW, J., LENNOX, G. D., FERREIRA, J., BERENGUER, E., LEES, A., MACNALLY, R., … AND  PARRY, L. 2016. 515 
Anthropogenic disturbance in tropical forests can double biodiversity loss from 516 
deforestation. Nature, 535(7610), 144-147. 517 
BECK, H., THEBPANYA, P., AND FILIAGGI, M. 2010. Do Neotropical peccary species (Tayassuidae) function as 518 
ecosystem engineers for anurans? Journal of Tropical Ecology  26: 407. 519 
BEIRNE, C. BURDEKIN, O. AND WHITWORTH, A. 2013.  Herpetofaunal responses to anthropogenic habitat change 520 
within a small forest reserve in Eastern Ecuador. Herpetological Journal  23: 209–219. 521 
BERRY, N. J., PHILLIPS, O. L., LEWIS, S. L., HILL, J. K., EDWARDS, D. P., TAWATAO, N. B. AND HAMER, K. C. 2010. The 522 
high value of logged tropical forests: lessons from northern Borneo. Biodiversity and Conservation  19: 985-523 
997. 524 
BIBBY, C. J., BURGESS, N. D., HILL, D. A., AND MUSTOE, S. H. 2000. Bird Census Techniques, Academic New York. 525 
BOWEN, M. E., MCALPINE, C. A., HOUSE, A. P., AND SMITH, G. C. 2007. Regrowth forests on abandoned 526 
agricultural land: a review of their habitat values for recovering forest fauna. Biological Conservation, 140: 527 
273-296. 528 
BRUTON, M. J., MCALPINE, C. A., AND MARON, M. 2013. Regrowth woodlands are valuable habitat for reptile 529 
communities. Biological Conservation 165: 95-103. 530 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
BURIVALOVA, Z., SEKERCIOGLU, C., AND KOH, L. P. 2014. Thresholds of logging intensity to maintain tropical forest 531 
biodiversity. Current Biology 24: 1–6. 532 
CASSANO, C. R., BARLOW, J., AND PARDINI, R. 2012. Large mammals in an agroforestry mosaic in the Brazilian 533 
Atlantic Forest. Biotropica  44: 818-825. 534 
CHAZDON, R. L., HARVEY, C. A., KOMAR, O., GRIFFITH, D. M., FERGUSON, B. G., MARTÍNEZ-RAMOS, M. AND PHILPOTT, S. 535 
M. 2009a. Beyond reserves: A research agenda for conserving biodiversity in human-modified tropical 536 
landscapes. Biotropica  41: 142-153. 537 
CHAZDON, R. L., PERES, C. A., DENT, D., SHEIL, D., LUGO, A. E., LAMB, D. AND MILLER, S. E. 2009b. The potential for 538 
species conservation in tropical secondary forests. Conservation Biology  23: 1406-1417. 539 
COLWELL, R.K. 2006. Estimate S: Statistical estimation of species richness and shared species from samples. 540 
COLWELL, R. K., CHAO, A., GOTELLI, N. J., LIN, S. Y., MAO, C. X., CHAZDON, R. L., AND LONGINO, J. T. 2012. Models and 541 
estimators linking individual-based and sample-based rarefaction, extrapolation and comparison of 542 
assemblages. Journal of Plant Ecology  5: 3-21. 543 
DAVIES, G. M., AND GRAY, A. 2015. Don't let spurious accusations of pseudoreplication limit our ability to learn 544 
from natural experiments (and other messy kinds of ecological monitoring). Ecology and Evolution, 5(22), 545 
5295-5304. 546 
DENT, D.H. AND WRIGHT, J.S. 2009. The future of tropical species in secondary forests: A quantitative review. 547 
Biological Conservation , 142, 2833–2843. 548 
DING, Y.R., ZANG, X. LU., AND HUANG, J. 2017. The impacts of selective logging and clear-cutting on woody 549 
plant diversity after 40 years of natural recovery in a tropical montane rain forest, south China. Science of 550 
The Total Environment 579: 1683-1691. 551 
DUNN, R. R. 2004. Managing the tropical landscape: a comparison of the effects of logging and forest 552 
conversion to agriculture on ants, birds, and lepidoptera. Forest Ecology and Management  191: 215-224. 553 
EDWARDS, D. P., TOBIAS, J. A., SHEIL, D., MEIJAARD, E., AND LAURANCE, W. F. 2014. Maintaining ecosystem function 554 
and services in logged tropical forests. Trends in ecology and evolution. 555 
EIGENBROD, F., HECNAR, S. J., AND FAHRIG, L. 2008. The relative effects of road traffic and forest cover on 556 
anuran populations. Biological Conservation  141: 35-46. 557 
ESTRADA, A., COATES-ESTRADA, R., AND MERITT, D. A. 1997. Anthropogenic landscape changes and avian 558 
diversity at Los Tuxtlas, Mexico. Biodiversity and conservation  6: 19-43. 559 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
FERMON, H., WALTERT, M., VANE-WRIGHT, R. I., AND MÜHLENBERG, M. 2005. Forest use and vertical stratification 560 
in fruit-feeding butterflies of Sulawesi, Indonesia: impacts for conservation. Biodiversity and Conservation  561 
14: 333-350. 562 
GARDNER, T. A., BARLOW, J., CHAZDON, R., EWERS, R. M., HARVEY, C. A., PERES, C. A., AND SODHI, N. S. 2009. 563 
Prospects for tropical forest biodiversity in a human-modified world. Ecology Letters 12: 561-582. 564 
GARDNER, T. A., RIBEIRO-JUNIOR, M. A., BARLOW, J. O. S., ÁVILA-PIRES, T. C. S., HOOGMOED, M. S., AND PERES, C. A. 565 
2007a. The value of primary, secondary, and plantation forests for a Neotropical herpetofauna. 566 
Conservation Biology 21: 775-787. 567 
GARDNER, T.A., BARLOW, J. AND PERES, C.A. 2007b. Paradox, presumption and pitfalls in conservation biology: 568 
the importance of habitat change for amphibians and reptiles. Biological Conservation 138: 166–179. 569 
GIBSON, L., LEE, T. M., KOH, L. P., BROOK, B. W., GARDNER, T. A., BARLOW, J., AND SODHI, N. S. 2011. Primary forests 570 
are irreplaceable for sustaining tropical biodiversity. Nature 478: 378-381. 571 
GLOR, R. E., FLECKER, A. S., BENARD, M. F., AND POWER, A. G. 2001. Lizard diversity and agricultural disturbance 572 
in a Caribbean forest landscape. Biodiversity and Conservation 10: 711-723. 573 
GOTELLI, N. J. AND R. K. COLWELL. 2011. Estimating species richness. In A. E. Magurran and B. J. McGill (Ed.)s. 574 
Frontiers in measuring biodiversity, pp: 39-54. Oxford University Press, New York. 575 
GOYETTE, J.L, HOWE, R.W., WOLF, A.T., AND W.D. ROBINSON. 2011. Detecting tropical nocturnal birds using 576 
automated audio recordings. Journal of Field Ornithology 82: 279-287. 577 
GROVE, S. J. 2002. The influence of forest management history on the integrity of the saproxylic beetle fauna 578 
in an Australian lowland tropical rainforest. Biological Conservation, 104: 149-171. 579 
HAMER, K.C., HILL, J.K., BENEDICK, S., MUSTAFFA, N., SHERRATTI, T.N., MARYATI, M., AND CHEY, V.K. 2003. Ecology of 580 
butterflies in natural and selectively logged forests of northern Borneo: the importance of habitat 581 
heterogeneity. Journal of Applied Ecology 40: 150-162. 582 
HAYES, T. B., FALSO, P., GALLIPEAU, S., AND STICE, M. 2010. The cause of global amphibian declines: a 583 
developmental endocrinologist's perspective. The Journal of Experimental Biology 213: 921-933. 584 
HEFFNER, R. A., BUTLER, M. J. AND REILLY, C. K. 1996. Pseudoreplication revisited. Ecology 77: 2558-2562. 585 
HERZOG, S. K., KESSLER, M., AND CAHILL, T. M. 2002. Estimating species richness of tropical bird communities 586 
from rapid assessment data. The Auk 119: 749-769. 587 
HOFFMANN, A. A., AND SGRÒ, C. M. 2011. Climate change and evolutionary adaptation. Nature 470, 479–485. 588 
doi:10.1038/nature09670 589 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
HORNER-DEVINE, M.C., DAILY, G.C., EHRLICH, P.R., AND BOGGS, C.I. 2003. Countryside biogeography of tropical 590 
butterflies. Conservation Biology 17(: 168-177. 591 
HU, Y., MAGATON, S., GILLESPIE, G., AND JESSOP, T. S. 2013. Small reptile community responses to rotational 592 
logging. Biological Conservation 166: 76-83. 593 
HUGHES, J. B., DAILY, G. C., AND EHRLICH, P. R. 1998. Use of fruit bait traps for monitoring of butterflies 594 
(Lepidoptera: Nymphalidae). Revista de Biología Tropical 46: 697-704. 595 
HUGHES, J. B., DAILY, G. C., AND EHRLICH, P. R. 2002. Conservation of tropical forest birds in countryside 596 
habitats. Ecology Letters 5: 121-129. 597 
HURLBERT, S. H. 1984. Pseudoreplication and the design of ecological field experiments. Ecological 598 
monographs 54:187-211. 599 
IRWIN, M. T., WRIGHT, P. C., BIRKINSHAW, C., FISHER, B. L., GARDNER, C. J., GLOS, J., AND GANZHORN, J. U. 2010. 600 
Patterns of species change in anthropogenically disturbed forests of Madagascar. Biological Conservation 601 
143: 2351-2362. 602 
JOHNS, A. D. 1991. Responses of Amazonian rain forest birds to habitat modification. Journal of Tropical 603 
Ecology 7: 417-437. 604 
LAWTON, J. H., BIGNELL, D. E., BOLTON, B., BLOEMERS, G. F., EGGLETON, P., HAMMOND, P. M., AND WATT, A. D. 1998. 605 
Biodiversity inventories, indicator taxa and effects of habitat modification in tropical forest. Nature391: 72-606 
76. 607 
LETCHER, S. G. AND R. L. CHAZDON 2009. Rapid Recovery of Biomass, Species Richness, and Species 608 
Composition in a Forest Chronosequence in Northeastern Costa Rica. Biotropica 41608-617. 609 
NORRIS, K., ASASE, A., COLLEN, B., GOCKOWKSI, J., MASON, J., PHALAN, B., AND WADE, A. 2010. Biodiversity in a 610 
forest-agriculture mosaic – The changing face of West African rainforests. Biological Conservation 611 
143:2341-2350. 612 
OKSANEN, J., BLANCHET, F. G., KINDT, R., LEGENDRE, P., MINCHIN, P. R., O‟HARA, R. B. AND WAGNER, H. 2011. Vegan: 613 
community ecology package version 2.0-2. R CRAN package. 614 
PARADIS, E., CLAUDE, J., AND STRIMMER, K. 2004. APE: analyses of phylogenetics and evolution in R 615 
language. Bioinformatics 20:289-290. 616 
PEARMAN, P.B. 1997. Correlates of amphibian diversity in an altered landscape of Amazonian Ecuador. 617 
Conservation Biology 11: 1211–1225. 618 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
PHILLIPS, OLIVER; MILLER, J. S. 2002. Global Patterns : Alwyn H. Gentry’s Forest Transet Data Set. In Hollowell 619 
(Ed.). Monographs in systematic botany from the Missouri Botanical Garden, pp: 319. St. Louis, Missouri U.S.A: 620 
Missouri Botanical Garden Press.POORTER, L., BONGERS, F., AIDE, T.M., ZAMBRANO, A.M.A., BALVANERA, P., 621 
BECKNELL, J.M., BOUKILI, V., BRANCALION, P.H., BROADBENT, E.N., CHAZDON, R.L. AND D. CRAVEN. 2016. Biomass 622 
resilience of Neotropical secondary forests. Nature, 530(7589), pp.211-214. 623 
PUTZ, F. E., ZUIDEMA, P. A., SYNNOTT, T., PEÑA-CLAROS, M., PINARD, M. A., SHEIL, D., AND ZAGT, R. 2012. Sustaining 624 
conservation values in selectively logged tropical forests: the attained and the attainable. Conservation 625 
Letters 5: 296-303. 626 
R CORE TEAM. 2012. R: A Language and Environment for Statistical Computing. Vienna Austria R Foundation 627 
for Statistical Computing. 628 
RAMAGE, B. S., SHEIL, D., SALIM, H. M., FLETCHER, C., MUSTAFA, N. A., LURUTHUSAMAY, J. C., AND POTTS, M. D. 2013. 629 
Pseudoreplication in tropical forests and the resulting effects on biodiversity conservation. Conservation 630 
Biology 27:364-372. 631 
RAMESH, T., HUSSAIN, K. J., SELVANAYAGAM, M., SATPATHY, K. K., AND PRASAD, M. V. R. 2010. Patterns of diversity, 632 
abundance and habitat associations of butterfly communities in heterogeneous landscapes of the 633 
department of atomic energy (DAE) campus at Kalpakkam, South India. International Journal of Biodiversity 634 
and Conservatio, 2: 75-85. 635 
ROLDÁN, A. I., AND SIMONETTI, J. A. 2001. Plant-Mammal Interactions in Tropical Bolivian Forests with Different 636 
Hunting Pressures. Conservation Biology15: 617-623. 637 
ROSS, K. A., FOX, B. J., AND FOX, M. D. 2002. Changes to plant species richness in forest fragments: fragment 638 
age, disturbance and fire history may be as important as area. Journal of Biogeography 29: 749-765. 639 
ROSSI, J. P. 2011. Rich: an R package to analyse species richness. Diversity 3: 112-120. 640 
SALVADOR, S., CLAVERO, M., AND LEITE PITMAN, R. 2011. Large mammal species richness and habitat use in an 641 
upper Amazonian forest used for ecotourism. Mammalian Biology-Zeitschrift für Säugetierkunde 76:115-642 
123. 643 
SAYER, C.A., BULLOCK, J.M., AND P.A. MARTIN. 2017. Dynamics of avian species and functional diversity in 644 
secondary tropical forests. Biological Conservation, 211, pp.1-9. 645 
SBERZE, M., COHN-HAFT, M., AND G. FERRAZ. 2010. Old growth and secondary forest site occupancy by 646 
nocturnal birds in a neotropical landscape. Animal Conservation 13: 3-11. 647 
SESHADRI, K. S. 2014. Effects of Historical Selective Logging on Anuran Communities in a Wet Evergreen 648 
Forest, South India. Biotropica 46:615-623. 649 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
SLOAN, S., GOOSEM, M., AND LAURANCE, S. G. 2015. Tropical forest regeneration following land abandonment is 650 
driven by primary rainforest distribution in an old pastoral region. Landscape Ecology, 31: 601–618. 651 
http://doi.org/10.1007/s10980-015-0267-4 652 
SODHI, N. S., KOH, L. P., CLEMENTS, R., WANGER, T. C., HILL, J. K., HAMER, K. C., AND LEE, T. M. 2010. Conserving 653 
Southeast Asian forest biodiversity in human-modified landscapes. Biological Conservation 143: 2375-2384. 654 
SORENSEN, T. C., AND FEDIGAN, L. M. 2000. Distribution of three monkey species along a gradient of 655 
regenerating tropical dry forest. Biological Conservation 92: 227-240. 656 
STOTZ, D. F., FITZPATRICK, J. W., PARKER III, T. A., MOSKOVITS, D. K., AND SNOW, D. 1996. Neotropical birds: ecology 657 
and conservation (No. 598.298 N438). Chicago: University of Chicago Press. 658 
TABARELLI, M., AGUIAR, A. V., RIBEIRO, M. C., METZGER, J. P., AND PERES, C. A. 2010. Prospects for biodiversity 659 
conservation in the Atlantic Forest: lessons from aging human-modified landscapes. Biological Conservation 660 
143: 2328-2340. 661 
TOBLER, M. W., CARRILLO-PERCASTEGUI, S. E., LEITE PITMAN, R., MARES, R., AND POWELL, G. 2008. An evaluation of 662 
camera traps for inventorying large-and medium-sized terrestrial rainforest mammals. Animal Conservation 663 
11: 169-178. 664 
TRIMBLE, M. J., AND AARDE, R. J. 2014. Amphibian and reptile communities and functional groups over a land-665 
use gradient in a coastal tropical forest landscape of high richness and endemicity. Animal Conservation 17: 666 
441-453. 667 
URQUIZA-HAAS, T., PERES, C. A., AND DOLMAN, P. M. 2011. Large vertebrate responses to forest cover and 668 
hunting pressure in communal landholdings and protected areas of the Yucatan Peninsula, Mexico. Animal 669 
Conservation 14: 271-282. 670 
VASCONCELOS, H. L. 1999. Effects of forest disturbance on the structure of ground-foraging ant communities 671 
in central Amazonia. Biodiversity & Conservation 8(3), 407-418. 672 
Veith, M., Lötters, S., Andreone, F., and Rödel, M. O. 2004. Measuring and monitoring amphibian diversity 673 
in tropical forests. II. Estimating species richness from standardized transect censing. Ecotropica 10: 85-99. 674 
WHITWORTH, A., BEIRNE, C., ROWE, J., ROSS, F., ACTON, C., BURDEKIN, O., AND BROWN, P. 2015a. The response of 675 
faunal biodiversity to an unmarked road in the Western Amazon. Biodiversity and Conservation 24: 1657-676 
1670. 677 
WHITWORTH, A., DOWNIE, R., VON MAY, R., VILLACAMPA, J., AND MACLEOD, R. 2016a. How much potential 678 
biodiversity and conservation value can a regenerating rainforest provide? A ‘best-case scenario’ approach 679 
from the Peruvian Amazon. Tropical Conservation Science 9: 224-245. 680 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
WHITWORTH, A., VILLACAMPA, J., BROWN, A., HUARCAYA, R. P., DOWNIE, R., AND MACLEOD, R. 2016b. Past Human 681 
Disturbance Effects upon Biodiversity are Greatest in the Canopy; A Case Study on Rainforest 682 
Butterflies. PloS one,11: e0150520.  683 
XU, H., Y. LI, S. LIU, R. ZANG, F. HE, AND J. R. SPENCE. 2015. Partial recovery of a tropical rain forest a half-684 
century after clear-cut and selective logging. Journal of Applied Ecology 52: 1044-1052. 685 
 686 
 687 
 688 
 689 
690 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
TABLE LEGENDS 691 
 692 
TABLE 1 – Observed species richness and species richness estimates for rainforest with different 693 
disturbance histories. Based on six different survey methods targeting four taxonomic groups. 694 
Selectively logged forest = SLR, secondary growth = CCR and mixed disturbance area = MXD. 695 
 696 
TABLE 2 – A comparison of relative encounter rate between secondary growth (CCR) and 697 
selectively logged (SLR) forests for each study group; p-value relates to an ANOVA test; 698 
significance for p-values represent: ** = <0.01 and * = <0.05 and are shown in bold; 699 
Strabomantidae is the indicator group of amphibians (Pearman 1997); bird indicators of good 700 
quality habitat for southern Amazonian lowland tropical forest were as indicated by Stotz et al. 701 
(1996).  702 
 703 
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TABLE 1 705 
 
Disturbance 
Type 
Shannon 
diversity 
(standard 
deviation) 
Observed 
Species 
Richness
a
 
Extrapolated 
Species 
Richness
b
 
Estimated Richness 
Coverage  
(%)
d
 
Completeness  
(%)
e
 
  
M
M
M
e
a
n
 
Ja
ck
n
if
e
 1
 
C
h
a
o
 2
 
A
v
e
ra
g
e
c  
A
m
p
h
ib
ia
n
s 
T
ra
n
se
ct
s 
(x
5
 1
0
0
m
 
tr
a
n
se
ct
s/
n
ig
h
t)
 SLR 
2.38  
(0.01) 
26 26 29 31 28 30 87 76 
CCR 
2.32  
(0.03) 
19 21 24 24 20 23 83 56 
MXD 
2.15  
(0.02) 
22 28 25 31 28 30 74 65 
Total  34 
       
B
ir
d
s 
D
iu
rn
a
l 
li
n
e
 t
ra
n
se
ct
s 
 
(4
0
0
m
 l
e
n
g
th
s)
 SLR 
4.28  
(0.01) 
169 210 188 293 296 259 65 66 
CCR 
4.21  
(0.01) 
177 177 185 252 221 219 81 69 
MXD 
4.31  
(0.01) 
176 196 193 267 240 233 76 69 
Total  256 
       
M
is
t-
n
e
tt
in
g
 
SLR 
3.9  
(0.01) 
86 86 120 116 112 116 74 70 
CCR 
3.82  
(0.02) 
71 76 96 97 115 103 69 58 
MXD 
3.79  
(0.01) 
77 77 102 106 116 108 71 63 
Total  123 
       
N
o
ct
u
rn
a
l 
li
n
e
 
tr
a
n
se
ct
s 
   
   
   
   
   
   
   
   
   
  
   
 
(5
0
0
m
 l
e
n
g
th
s)
 SLR 
1.71  
(0.02) 
10 10 12 10 10 11 93 83 
CCR 
1.1  
(0.01) 
6 6 6 7 6 6 92 50 
MXD 
1.13  
(0.02) 
6 7 6 8 8 7 80 50 
Total  12 
       
B
u
tt
e
rf
li
e
s 
B
a
it
e
d
 t
ra
p
s 
SLR 
4.19  
(0.01) 
143 143 166 178 170 171 83 80 
CCR 
3.84  
(0.01) 
115 128 140 152 144 145 79 64 
MXD 
3.9  
(0.01) 
120 135 146 159 161 155 77 67 
Total  179 
       
M
a
m
m
a
ls
 
C
a
m
e
ra
 t
ra
p
s 
SLR 
2.42  
(0.01) 
21 23 23 25 (24) 24 88 91 
CCR 
2.54  
(0.01) 
21 22 21 28 (42) 25 84 91 
MXD 
2.64  
(0.01) 
20 20 21 22 (20) 22 91 87 
Total  23 
       
 a Number of species observed 
 b Number of species estimated when curves extrapolated to the same number of individuals (extrapolations made only 
equal to the disturbance history with the highest number of records or to a maximum of three times the number of 
observed individuals) 
 c Mean estimated species richness - 'classic Chao 2 was used in cases where CV>0.5 
 d Sampling coverage defined as: b/e*100 
 e Number of species observed as a percentage of combined species across all habitats 
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TABLE 2 708 
Study 
group 
Measure 
Relative 
encounter rate 
units 
Relative encounter 
rate F-statistic df 
and p-value 
R-Sq % 
(R-Sq adj %) 
 SLR  CCR 
  
# individuals / 
50 transect 
nights 
 
 
  
 
Amphibians 
Indicator sp.  212  56 
(F1,7 = 4. 7,   
p =0.07) 
43.75 
(34.37) 
Overall  370  114 
(F1,7 = 8.9,   
p =0.03*) 
59.59 
(52.85) 
   
 
  
 
Birds - 
diurnal 
transects 
Indicator sp. 
# records / 
50km of 
transect walked 
397  173 
(F1,22 = 15.6,  
p =0.001***) 
42.58  
(39.85) 
Overall  1090  1320 
(F1,22 = 2.2,  
p =0.15) 
9.64 
(5.33) 
   
 
  
 
Birds - 
mistnets 
Indicator sp.  
# individuals / 
1000 net hrs 
46  40 
(F1,23 = 0.2,  
p =0.65) 
0.96 
(0) 
Overall  384  319 
(F1,23 = 0.4,  
p =0.55) 
1.67  
(0) 
 
 
 
 
Birds - 
nocturnal 
transects 
Overall  
# records / 
50km of 
transect walked 
137 
 
95 
(F1,26 = 2.2,  
p =0.15) 
8.19  
(4.52) 
  
 
Overall  
# individuals / 
250 trap days 
1327 
 
904 
(F1,11 = 3.9,  
p =0.08) 
28.22 
(21.04) Butterflies  
  
        
Mammals Overall 
# photo 
captures / 50 
trap months 
343  446 
(F1,5= 0.9,  
p =0.41) 
17.49 
( 0) 
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FIGURE LEGENDS 718 
FIGURE 1 – Species accumulation curves for study groups across selectively logged (SLR) and secondary 719 
growth (CCR) disturbance types. Solid lines represent the observed number of individuals recorded and 720 
dashed lines represent projections for habitats with lower numbers of individuals sampled towards the 721 
same number of individual detections in other habitats. The shaded areas represent 95% confidence 722 
intervals. 723 
 724 
FIGURE 2 - Shannon species diversity estimates with 95% confidence intervals for study groups across 725 
selectively logged (SLR) and secondary growth (CCR) disturbance types.  726 
 727 
FIGURE 3 - Dominance diversity (Whittaker) plots for faunal study groups comparing curves for 728 
selectively logged (ο - left) and secondary growth (Δ - right) disturbance types. For each disturbance 729 
history the relative abundance of each species (ni/N) was plotted on a logarithmic scale against the species 730 
rank ordered from most to least abundant. Linear models were used to determine if the slopes were 731 
significantly different to one another where ΔG denotes to absolute change in gradient and the symbol 732 
denote the level of significance of the deviation where *** = ≥0.001, ** = ≥0.01,* = ≥0.05. Points labelled 733 
with letters A-E represent the five most abundant species in selectively logged habitat and letters following 734 
E represent species from the top five in secondary growth (where different from selectively logged forest). 735 
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FIGURE 1  740 
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FIGURE 2  743 
 744 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
745 
FIGURE 3  746 
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Additional Supporting Information may be found in the online version of this article: 750 
 751 
Appendix S1 – Vegetation survey variables and associated analyses. 752 
Appendix S2 – Vegetation structure results 753 
Appendix S3 – Principal Component Factor Analysis and loadings, based upon vegetation structure features 754 
of the study site. 755 
 756 
Appendix S4 – Output summaries of ANOVA analysis of the factor scores across disturbance areas. 757 
 758 
Appendix S5 – Detailed faunal survey methodologies 759 
Appendix S6 – Modelling details 760 
Figure S1 – Context of the study site in Manu Biosphere Reserve, southeast Peru. 761 
Figure S2 – Kriging layers of the four Principal Component Factors applied to the study site. 762 
Figure S3 – The situation of sampling sites within the study area for each group. 763 
Figure S4 - Species diversity measures for study groups across disturbance areas. 764 
Table S1 – Survey effort across disturbance type for each of the four taxonomic groups. Number of overall 765 
encounters or records for each group is also provided. Selectively logged forest = SLR, secondary growth = 766 
CCR and mixed disturbance area = MXD. 767 
Table S2 - Summary information of Gentry plots. 768 
Table S3 - Summary information of the dominant 10 families within each disturbance area; data from 769 
Gentry plots. 770 
Table S4 - Summary information of the dominant 10 species, and their respective family association, within 771 
each disturbance area; data from Gentry plots. 772 
Table S5 – A summary of general linear model outputs; response variables representing estimated species 773 
richness and species diversity.  774 
Table S6 – A summary of Morans I test for spatio-autocorrelation against model residuals. 775 
Table S7 – Faunal survey species summary tables for selectively logged and secondary forests.  776 
 777 
